Abstract. Thirty-four pairs of testes from wild adult raccoon dogs (Nyctereutes procyonoides) were obtained between September 2000 and May 2003. The cellular localization of the inhibin α and inhibin/activin (βA and βB) subunits in wild raccoon dog testes was investigated. The testicular weight and size and seminiferous tubule diameters were measured. There were marked seasonal variations in testicular weight and size and seminiferous tubule diameters, with values relatively low in September and high in March. Spermatogonia and primary spermatocytes were observed in September, and spermatogonia, spermatocytes, and round spermatids were present in January. All types of spermatogenic cells, including mature spermatozoa, were found in March, indicating that the breeding season is around March in Japan. Thereafter, spermatogonia and degenerating spermatocytes were observed in April. The sections of testes were immunostained by the avidinbiotin-peroxidase complex method (ABC) using polyclonal antisera raised against porcine inhibin α, inhibin/activin βA and inhibin/activin βB. The inhibin α and inhibin/activin (βA and βB) subunits were only expressed in Leydig cells in September. On the other hand, the inhibin α, βA, and βB subunits were observed in Leydig cells and Sertoli cells, but not in germ cells, in March. These results suggest that the testes of wild raccoon dogs have the ability to synthesize inhibins, and the cellular localization of inhibin/activin subunits showed season-related changes in the breeding and nonbreeding seasons. Key words: Immunohistochemistry, Inhibin, Leydig cell, Raccoon dog, Sertoli cell (J. Reprod. Dev. 52: [503][504][505][506][507][508][509][510] 2006) nhibins and activins are implicated as endocrine regulators of follicle-stimulating hormone (FSH) production, testicular steroidogenesis, and spermatogenesis in mammals [1] . Inhibins and activins are structurally-related dimeric gonadal proteins with the ability to regulate FSH secretion from pituitary glands [2, 3] . Inhibin consists of an α subunit linked by a disulfide bridge to one of the 2 highly homologous β subunits (β A and β B ) to form inhibin A (α and βA) or inhibin B (α and βB) [4] .
activins have been shown to exert paracrine/ autocrine effects within the gonads [5, 6] and other tissues [7] and have been proposed to have an important paracrine function during testes development [8] . In the male, inhibin is produced in the testis, principally by Sertoli cells. There are temporal changes in inhibin expression and secretion that occur along with the changing role of the Sertoli cell in the immature and adult testes [9] [10] [11] [12] [13] [14] .
In Finland, the raccoon dog (Nyctereutes procyonoides) is a typical seasonal breeder with a short sexually-active period of about 6 weeks between February and March that is followed by a long period of sexual dormancy from April to the following January [15] . During the breeding period, male raccoon dogs in Japan produce mature spermatozoa and are willing to mate [16] . In China, there are marked seasonal changes in the serum testosterone concentrations of farmed raccoon dogs, with a significant rise in October, a peak in the early breeding season, and a rapid drop at the end of the breeding season [17] . Although several observations about reproduction in the raccoon dog have been reported recently [18] [19] [20] [21] [22] [23] , there are still many gaps in the understanding of the mechanisms of reproduction, especially concerning secretion of inhibin in the development process of the testes. The aim of the present study was to investigate the localization of inhibin subunits in the testes during the non-breeding and breeding seasons and to elucidate the relationship between inhibin and reproductive function in wild male raccoon dogs.
Materials and Methods

Animals
Thirty-four wild male raccoon dogs that were thought to be adult based on their body weights (2.32-5.95 kg) were collected within 72 h of death in traffic accidents between September 18, 2000 and May 24, 2003 in Gifu and Kanagawa Prefectures, Japan. Testicular weight was measured using scales, and testicular size was expressed in mm after measurement (length × width × height) 1/3 following necropsy. The testicular tissues obtained were immediately fixed for 13 h in Bouin's solution for future histological and immunocytochemical observations.
Histology
Testicular samples were dehydrated in an ethanol series and embedded in paraffin wax.
Serial sections (4 µm) were mounted on slides coated with poly-L-lysine (Sigma, St. Louis, MO, U S A ) . S o m e s e c t i o n s w e r e s t a i n e d w i t h hematoxylin-eosin (HE) for observations of general histology. Ten seminiferous tubules per raccoon dog were evaluated histologically using an Olympus photomicroscope with a × 40 objective lens. A movable cursor dot (approximately 0.1 µm in diameter) was used for measuring the diameter of the testis. Jandel Scientific SigmaScan Image Analysis software (Jandel Scientific Corporation, Montgomeryville, PA, USA) was used for processing measurements. The repeatability of measurements, expressed as a coefficient of variation for ten measurements, was 0.74% at 10 µm and 5.8% at 0.7 µm.
Immunohistochemistry
The serial sections of testes were incubated with 10% normal goat serum to reduce background staining caused by the second antibody. The sections were then incubated with primary antibody (1:1000 or 1:2000) raised against porcine inhibin α chain (1-30)-NH 2 conjugated to rabbit serum albumin, porcine inhibin/activin βA (81-113)-NH 2 (#305-24D) [24] , and cyclic acetyl human inhibin/activin β B (81-113)-NH 2 (#305-25D) [24] for 12 h at room temperature. The inhibin α subunit peptide was kindly provided by Dr. N. Ling, Neuroendocrine Inc., San Diego, CA, USA. The antibodies for inhibin/activin (βA and βB) were kindly provided by Dr. W. Vale, Salk Institute for Biological Studies, La Jolla, CA, U.S.A. The sections were then incubated with a second antibody, goat anti-rabbit lgG conjugated with biotin and peroxidase with avidin, using a rabbit ExtrAvidin staining kit (Sigma). This was followed by visualizing with 30 mg 3,3-diaminobenzidine (Wako, Tokyo, Japan) solution in 150 ml of 0.05 mol Tris-HCl l -1 buffer (pH 7.6) and 30 µl H2O2. Finally, the reacted sections were counterstained with haematoxylin solution (Merck, Tokyo, Japan). The control sections were treated with normal rabbit serum (Sigma) instead of the primary antisera.
Statistical analysis
Mean values (± SE) were calculated and analyzed using 2-way ANOVA. Duncan's multiple-range test was used for detection of significant differences using the SAS computer software package [25] .
Results
Testicular size and weight
The seasonal changes in testicular weight and size in the wild male raccoon dogs are shown in Fig. 1 A and B. There was a significant (P<0.01) increase in testicular weight and size during the breeding season in March (testicular weight: 5.64 ± 0.48 g, mean ± SE; testicular size: 20.56 ± 1.72 mm, mean ± SE), while the lowest values were found during the non-breeding season in September (testicular weight: 1.82 ± 0.2 g, mean ± SE; testicular size: 11.564 ± 0.9 mm, mean ± SE).
Seminiferous tubule diameter
There were seasonal changes in the diameters of the seminiferous tubules of the wild male raccoon dogs (Fig. 1C) µm, mean ± SE) in March. The diameters of the seminiferous tubules then started to decline in April.
Histology
Marked seasonal changes were observed in the histological appearance of the seminiferous epithelium between September and May of the following year. Spermatogenesis also changed s e a s o n a l l y d u r i n g t h i s p e r i o d ( F i g . 2 ) . Spermatogonia and primary spermatocytes were present in September (Fig. 2a) . Spermatogonia, spermatocytes, and round spermatids were present in January (Fig. 2b) . All types of spermatogenic cells were found, in cluding mature-phase spermatozoa, in March (Fig. 2c) . Spermatogonia and degenerating spermatocytes were present in April (Fig. 2d) .
Immunocytochemistry
Immunoreactivity for the inhibin α and inhibin/ activin (βA and βB) subunits was present in the testes during the breeding and non-breeding seasons, respectively. The inhibin α and inhibin/ activin (βA and βB) subunits were expressed in the cytoplasm of Leydig cells, but not in Sertoli cells in September during the non-breeding season (Fig. 3 a-c). The inhibin α and inhibin/activin (βA and βB) subunits were present in the cytoplasm of Leydig cells and Sertoli cells in the breeding season (March) (Fig.3 d-f) . Immunoreactivity for the inhibin α and inhibin/activin (β A and β B ) subunits was not observed in germ cells in the breeding season. No immunostaining was detected in control sections in which normal rabbit serum was substituted in place of the primary antibody (data not shown). 
Discussion
The results of the present study demonstrate that testicular tissues are the cellular source of inhibin and that seasonal changes in the distribution of inhibin subunits α, β A , and β B are accompanied by changes in spermatogenesis that are correlated with changes in testicular weight and size and the diameters of the seminiferous tubules in the wild raccoon dog. These findings suggest that raccoon dog testes produce inhibin not only in the breeding season, but also in the non-breeding season, and inhibin may be useful as a marker of testicular function in wild male raccoon dogs.
Identification of the sites of expression and production of inhibin subunit messenger protein is critical in understanding the biology of inhibin [9] . Immunolocalization of the inhibin/activin subunits was observed in the wild male raccoon dogs in this study, showing that the inhibin α and inhibin/ activin (β A and β B ) subunits were expressed in the breeding and non-breeding seasons. These findings are not unique to the wild raccoon dog, as similar observations have been found in other seasonal breeders, such as rams [26] , bank voles [27] , silver foxes [28] , and stallions [10] . In rams, the presence of all three inhibin/activin subunits in the adult testes was confirmed in mRNA by n o r t h e r n b l o t a n a l y s i s a n d i n p r o t e i n b y immunocytochemistry, showing that the testes could produce and secrete dimeric inhibin during the reproductive cycle [26] . The presence of the inhibin α and β subunits in Leydig cells and Sertoli cells in equine testes suggests that these cells may secrete dimeric (bioactive) inhibin into the circulation of stallions [10] . To our knowledge, raccoon dogs are the first wild carnivore species identified to date in which the inhibin α and inhibin/activin (β A and β B ) subunits have been
shown to be present in the testes during the breeding and non-breeding seasons. C y c l i c a l t e r n a t i o n b e t w e e n g r o w t h a n d i n v o l u t i o n o f t h e t e s t e s i s a w e l l -k n o w n phenomenon [29] . The seasonality of testes mass shown in the present study is in agreement with extensive reports on this species [15] [16] [17] [18] [19] [16] . In the present study, we observed testicular recrudescence and regression in the male raccoon dog as judged by testis weight and size and seminiferous tubule diameter, with the highest values seen during the breeding season. In addition, the histological results regarding spermatogenesis also showed that all types of s p e r m a t o g e n i c c e l l s , i n c l u d i n g m a t u r e spermatozoa, were found in the breeding season. These results suggest that seasonal changes in testicular weight and size are correlated with changes in the numbers of germ cells in the wild male raccoon dog. These findings are similar to those observed in other mammals, such as the roe deer [29] , black bear [30, 31] , and horse [32, 33] .
Our evidence here also clearly indicates that there were marked seasonal variations in the distribution of the inhibin subunits in the development process of the raccoon dog testes, in which the inhibin α and inhibin/activin (β A and β B ) subunits were expressed in Leydig cells, with weak immunostaining during the non-breeding season, and were also observed in Leydig cells and Sertoli cells in the breeding season. These results suggest that the pattern of expression of inhibin varies in spermatogenesis and is correlated with changes in testicular size and weight and seminiferous tubule diameters. In recent studies, the expression of inhibin subunits and secretion of protein displayed a stage-specific pattern within the seminiferous epithelium in both Sertoli cells and germ cells [34] [35] [36] . The Sertoli cell is generally regarded as the principal site of inhibin production in the testes as initially demonstrated by secretion of inhibin by Sertoli cells in vitro [37] . In addition, stimulation of cultured Sertoli cells with FSH resulted in increased production of inhibin together with free α subunit [38, 39] . Therefore, our experimental results that the inhibin α, β A , and β B subunits were observed in Sertoli cells during the breeding season support the postulation that although Sertoli cells do not increase in number during the breeding season, their capacity for protein secretion (for example, androgen binding protein and inhibin) and for supporting increased numbers of germ cells as in spermatogenesis becomes more efficient [1] .
Variations in inhibin production among species reflect different patterns of maturation [9] . In some adult males, inhibin B levels are positively correlated with Sertoli cell function, sperm number, and spermatogenic status and are negatively correlated with FSH. It appears that regulation of inhibin B production is mediated by a complex interaction between FSH, Sertoli cells, Leydig cells, and germ cells [9] . But in the adult ram, it is unclear how the ram testis, while expressing the inhibin α and inhibin/activin (β A and β B ) subunits, only appear to produce inhibin A and not B [26] . In this study, unfortunately, serum inhibin concentrations could not be determined in the wild male raccoon dogs. Future studies will investigate the seasonal changes in plasma concentrations of inhibins and clarify which inhibin form is important for spermatogenesis in male raccoon dogs.
In conclusion, testicular tissues were the cellular source of inhibin in the wild raccoon dogs; inhibin may be useful as a marker of testicular function in wild raccoon dogs; and seasonal changes in testicular weight and size and seminiferous tubule diameters in wild male raccoon dogs are correlated with changes in spermatogenesis and testicular distribution of inhibin subunits.
